Introduction
Microfluidics 1-3 is the science and technology of processing and manipulation of small amounts of fluids in conduits having dimensions of the order of tens to hundreds of micrometers. Just as integrated microelectronic circuits revolutionized computation by enormously reducing the space, labor, and time required for complex calculations, microfluidics holds promise in the automation of chemical and biochemical analyses and processing as well as in the field of medical diagnostics [4] [5] [6] . However, transport processes in microfluidic systems are dominated by molecular diffusion as the flows are almost universally laminar. This has the potential to over-shadow many of the benefits of miniaturization for applications such as micro-reactors, 7, 8 which is one of the areas in chemical engineering where microfluidics is said to offer great potential. 9, 10 Fluidized beds have long been used at the macroscale to substantially enhance mixing, heat and mass transfer. Recent simulation work has shown that they may also offer similar benefits at the microscale. 11, 12 In addition, the use of small microparticles would offer significant surface area per unit volume, making microfluidized beds ideal in diagnostics and similar contexts. 13, 14 The concept of a liquid micro-fluidized bed was introduced recently to refer to beds with inner diameters of a few millimetres 15 , though the 'micro' prefix in this case is used in the traditional sense of a small tubular reactor in the reactor engineering context. However, nowadays with the widening use of micro-fabrication techniques this prefix generally refers to fluidic systems on micro-chips with micro-channels of non-circular geometry, usually rectangular cross-section 7 . Furthermore, surface forces are more important for channels smaller than 1 mm, which may be considered as a coarse boundary between micro-and macro-scale flows. 16, 17 The alreadymentioned experimental study 15 and more recent work 18 were performed in capillaries of around 1 millimetre in size (1 mm and 0.8 mm respectively) which puts them on the boundary between macro-and micro-scales.
Here we report the experimentally study of liquid fluidization of approximately 30 m glass microparticles in a rectangular microfluidic channel with a cross-section of 400 μm x 175 μm -as far as we are aware, this is the first such experimental realisation of a fluidized bed in channels typical of microfluidics. The aim of the study reported here was to first realise such a microfluidized bed and then examine the validity of the classical fluidized bed design equations for it. This was achieved by determining minimum fluidization velocity (Umf) and superficial velocity-voidage relationship experimentally and comparing them with predictions of models that are typically used at the macroscale.
Experimental details

Microfluidized bed
The microfluidized bed used here is shown in Fig. 1 . The micro-channel from which the bed was formed was fabricated in a polydimethylsiloxane (PDMS) 'chip' by standard soft lithography techniques. 19 The width of the channel was 400 m, and depth 175 μm. The distributor of the fluidized bed, which was designed using computational fluid dynamics, 20,21 consisted of eight 40 μm wide pillars separated by 9 μm gaps. 
Results
Water as a fluidizing medium: adhesion problem
Initial efforts to fluidize the glass particles in the microfluidized bed using deionized water proved impossible due to the particles adhering to the PDMS walls of the micro-fluidized bed as shown in Fig. 3 . Subsequently, a non-ionic surfactant (Tween 80) was used in an attempt to minimize the effect of adhesive forces relative to the buoyancy and gravity forces. 22 However, adhesion still occurred, albeit to a lesser extent, with the microparticles only being observed to flow at superficial velocities several times the particle settling velocity (approximately 750 μm/s), leading to their rapid elution from the bed. This indicates that whilst the surfactant lead to some decrease in the particle-particle and particle-wall adhesion forces as anticipated, 22 it was still insufficient to enable fluidization. 
Ethanol as a fluidizing medium
Ethanol proved to be a good fluidizing medium for the glass particles used here in the PDMS micro-channel, with smooth, stable homogenous fluidization behaviour (see video in supplementary information. Fig. 4 shows photos of the bed expansions of the particles at different ethanol flow rates. There was a sharp flat interface between the top of the bed and freeboard as typical for liquid fluidized bed. Particle adhesion to the microchannel walls was not observed.
Expansion experiments were performed starting from the highest flow rate and then incrementally decreasing the flow rate to avoid pressure overshoot, which could be present due to the small channel-to-particle diameter ratio (approximately 8 based on hydraulic diameter of micro-channel, Dh = 243.5 μm). 18 At flow rates at or below 200 nl/min, minor particle leakage through the distributor was observed (see video); this was taken into account in the subsequent analysis. Two cycles of defluidization were performed; no further were possible with the chip due to failure of the pillars that constitute the distributor. of εmf = 0.46 ± 0.02. This somewhat higher bed porosity than the value typically used for packed beds in fluidization experiments, εmf0.4 26 , is a consequence of the significant effect that the wall has on the packing here relative to typical fluidised beds where the channel-to-particle diameter ratios are much larger.
Knowledge of the bed expansion characteristic (i.e. the relationship between the liquid superficial velocity, U, and bed voidage, ε) is crucial as bed voidage significantly influences the mixing, heat and mass transfer characteristics of fluidized beds. Using the data in Fig. 5 , the bed expansion characteristic for the microfluidized bed shown in Fig. 6 was estimated using
where εmf0.46 ± 0.02 25 . The bed expansion data in this figure is well described by the well-known empirical Richardson-Zaki equation, 27 which can be expressed as
where Ut is the particles settling velocity, k a parameter that was set to unity in the original work of Richardson and Zaki 27 that was concerned with the laminar regime, and n an exponent that takes a value of 4.65 in their original work. Here we obtain from the slope of the line in Fig. 6 an exponent value of n = 5.07 ± 0.30, which is clearly greater than that of the original Richardson and Zaki 27 work, but closer to a value of 4.9 obtained by Fan et al. 28 for fluidization of glass microsphere (the smallest being 54 μm) in a macroscale bed.
Extrapolating the experimental data to a voidage of unity gives 1600 ± 60 μm/s, which is almost double the theoretical Stokes law terminal velocity, Ut = 836 μm/s. This suggests that for the micro-fluidized bed considered here k = 1.91 ± 0.07, which is in stark contrast with macroscopic experiments where k ≤ 1 in general 26 , with only Fan et al. 28 obtaining k values slightly above unity. Although not mentioned by them, analysis of the experimental data of Potic et al. 15 for water fluidization in an 800 m diameter capillary gives values similar to that obtained by us here (k = 1.70 ± 0.35). These higher than usual values of the empirical constant, k, are probably due to the greater significance of surface forces in microfluidics, although a small defluidized zone near the distributor may also play some part, at least in our experiments. Fan et al. 28 did observe a change of slope at high voidages not considered in our work here -if this does occur, a second k value will be obtained that is closer to unity. Further investigation of this and other points raised above is underway and will be reported in a fuller paper in due course. 
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